Polycomb group proteins are transcriptional repressors recruited to many developmental control genes. The specificity of polycomb group protein targeting is incompletely understood. Subunits of polycomb repressive complexes (PRC) are encoded by multigene families in vertebrates. Five chromodomain-containing CBX family proteins are thought to mediate chromatin association by PRC1 complexes. We visualized the recruitment of CBX proteins to chromatin using bimolecular fluorescence complementation (BiFC) analysis, wherein fragments of fluorescent proteins fused to CBX family members and histone H3 form a fluorescent complex when the CBX proteins bind to nucleosomes. Different CBX family proteins associated with nucleosomes in different subnuclear regions in both ES cells and fibroblasts. The total populations of most CBX proteins had distributions distinct from those of the chromatinassociated complexes, indicating that most of these CBX proteins were not bound to nucleosomes. The conserved chromodomain and chromobox regions of CBX proteins were dispensable for chromatin association. The absence of H3 K27 trimethylation in EED null ES cells had minimal effects on chromatin association by CBX proteins. The BiFC complexes did not colocalize with antitrimethyl-K27 immunofluorescence, with the exception of inactive X. Metaphase spreads derived from stable cell lines with inducible CBX fusion expression revealed reciprocal patterns of chromosome association by CBX2 and CBX6 BiFC complexes. H3.2 purified from CBX2-H3.2 BiFC complexes was enriched in trimethyl-K27, dimethyl-K4, and acetyl-K9 modifications. We conclude that different CBX proteins are recruited to distinct chromatin regions through nonconserved interactions, expanding the regulatory diversity of polycomb group proteins. bimolecular fluorescence complementation ͉ embryonic stem cells ͉ histone modification ͉ polycomb group transcription factors ͉ subnuclear localization P olycomb group (PcG) proteins mediate the stable inheritance of cell states. They regulate the expression of numerous genes that control the maintenance and differentiation of vertebrate stem cells (1) . Deletion of genes encoding PcG proteins in mouse results in the inability to establish ES cells (2) or impairment of embryonic or adult stem cell functions (3) (4) (5) (6) . The roles of PcG proteins in the maintenance of pluripotency suggest that they constitute a cellular memory.
Biochemical characterization of PcG proteins has identified polycomb repressive complexes 1 and 2 (PRC1 and PRC2) (7) (8) (9) . PRC2 complexes have methyltransferase activity that trimethylates lysine-27 (K27) of histone H3 (10, 11) . PRC1 complexes contain CBX proteins that can bind H3 trimethylated on K27 (9, 12) . These complementary activities have engendered a model according to which H3 K27 trimethylation by PRC2 mediates PRC1 recruitment.
Analysis of the binding targets of several PcG proteins has identified hundreds of genes that are co-occupied by PRC1 and PRC2 subunits (13, 14) . A large proportion of these genes is trimethylated on H3 K27. A null mutation in any one of the genes encoding PRC2 components (EZH2, EED, Suz12) eliminates H3 K27 trimethylation, but these mutations produce different phenotypes and have distinct effects on ES cells (2, 3, 6) . Despite the absence of detectable H3 K27 trimethylation in Suz12-deficient ES cells, similar levels of CBX8 and Bmi-1 binding to most genes is observed (3) . Several PRC1 components are recruited to the inactive X in EED null cells, and CBX2 is recruited to heterochromatin in male pronuclei lacking EZH2 (15, 16) . Thus, in several cases PRC1 recruitment does not require PRC2 or H3 K27 trimethylation.
PRC1 binding to nucleosomes is thought to be mediated at least in part by the conserved chromodomain of CBX family proteins (CBX2, CBX4, CBX6, CBX7, and CBX8) (17) (18) (19) (20) (21) . The isolated chromodomains of CBX family proteins can specifically recognize H3 trimethylated on K27, but some of them can also bind peptides containing other modifications in vitro (21) . It is not known whether different CBX proteins target PRC1 complexes to the same or different genes or whether the regions conserved among these proteins are required for chromatin association.
Live cell imaging enables visualization of molecular processes in their native environments. Bimolecular fluorescence complementation (BiFC) is based on formation of a fluorescent complex when fragments of a fluorescent protein are brought together by an interaction between proteins fused to the fragments (22) . This approach has been used to visualize histone H4 binding by bromodomain proteins (23) . We have adapted the BiFC assay to compare the subnuclear distributions of chromatin-associated CBX proteins and to investigate the roles of conserved protein domains and H3 K27 trimethylation in nucleosome binding by CBX proteins in living cells.
Results

Patterns of Chromatin Association by Different CBX Proteins.
The subnuclear locations of nucleosome binding by different CBX proteins can provide information about differences in their binding specificities in the normal cellular environment. We visualized the chromatin-associated subpopulation of each CBX protein using BiFC analysis. Each CBX family member was fused to a fluorescent protein fragment, and histone H3 isoforms were fused to the complementary fragment. Nucleosome binding by the CBX fusions was predicted to result in formation of fluorescent complexes. We compared the distributions of the chro- matin-associated CBX proteins with the total population of each CBX protein fused to YFP to determine whether the entire population of these proteins was associated with chromatin. All fusions were made at identical positions in the CBX proteins and at positions in H3 variants that were not predicted to alter their functions [see supporting information (SI) Results]. We initially focused on CBX protein interactions with H3.2 because it has the highest level of K27 trimethylation (24) . The distributions were compared in mouse ES cells (PGK12.1) and in mouse embryo fibroblasts (MEFs).
CBX2-H3.2 BiFC complexes were enriched in Hoechststaining chromocenters, whereas the total population of CBX2 fused to YFP was localized to foci that were not associated with chromocenters ( Fig. 1 A vs. F and K vs. P). CBX6-H3.2 BiFC complexes as well as the total population of CBX6 fused to YFP were nearly uniformly distributed in the nucleoplasm (Fig. 1 C  vs. H and M vs. R). BiFC complexes formed by CBX4, CBX7, and CBX8 with H3.2 had distinct distributions in different cell types. In most ES cells CBX4-, CBX7-, and CBX8-H3.2 BiFC complexes were enriched in chromocenters ( Fig. 1 B, D, and E) . In MEFs the same complexes were enriched in small foci and were excluded from regions encompassing chromocenters ( Fig. 1 L, N, and O). The total populations of CBX4, CBX7, and CBX8 had similar distributions in ES cells and MEFs that were generally distinct from the distributions of BiFC complexes. CBX4 fused to YFP was localized to small foci ( Fig. 1 G and Q) , whereas the total populations of CBX7 and CBX8 fused to YFP were nearly uniformly distributed in the nucleoplasm, with some exclusion from chromocenters ( Fig. 1 I , J, S, and T). The distributions of CBX proteins and complexes they formed on chromatin varied among individual cells (Table S1 ). Nevertheless, the distributions of BiFC complexes formed by each CBX protein with H3.2 in a majority of cells were distinct both from one another as well as from the distributions of the same proteins fused to YFP.
We tested whether BiFC complex formation required specific recognition of H3 by each CBX protein by deletion of the N-terminal tail of H3. Deletion of the N-terminal tail prevents replication-dependent assembly of H3.1 and H3.2 into chromatin (25) and eliminates most sites of posttranslational modification. BiFC complex formation by all CBX proteins was reduced by 40%-80% according to quantification by flow cytometry (Fig.  2) . The BiFC complexes formed by CBX proteins with tailless H3.2 accumulated in regions that excluded Hoechst staining (Fig. S1 ). Similar regions were occasionally observed in cells that expressed high levels of CBX proteins with wild-type H3.2 (i.e., Fig. 1K ). This nonspecific BiFC complex formation did not interfere with determination of the distributions of BiFC complexes formed by CBX protein binding to H3 assembled in nucleosomes.
We examined the levels of CBX fusion protein expression and their target gene preferences and functions to determine whether they were valid models for the endogenous CBX proteins. The CBX2, CBX6, and CBX7 fusions were expressed at levels comparable to or lower than those of the corresponding endogenous CBX proteins in ES cells ( Fig. 2 and Fig. S2 ). The CBX4 and CBX8 fusions were expressed at similar levels, but endogenous CBX4 and CBX8 were not detected in ES cells. In ES cells that stably produced CBX2-H3.2 BiFC complexes (see below), the CBX2 fusions bound to genes recognized by endogenous CBX2 (Fig. S3 ) and CBX proteins fused to Venus bind selectively to genes that are recognized by endogenous PcG proteins in ES cells (26) . CBX4 and CBX6 fused to the GAL4 DNA binding domain repressed an integrated reporter gene carrying GAL4 binding sites (Fig. S4 ). Taken together, these results suggest that the fusion proteins were valid probes for visualization of CBX protein interactions in cells.
Effects of Regions Conserved Among CBX Proteins on Association with
H3 and Ring1B. The distinct distributions of chromatin-associated CBX proteins were seemingly at odds with the proposed conserved roles of the chromodomain and chromobox regions in chromatin association by CBX proteins. We quantified the effects of mutations in these regions on BiFC complex formation by each CBX protein using flow cytometry. We initially examined BiFC complex formation with H3.1 and the Ring1B subunit of PRC1 in COS1 cells (Fig. 2 Top) where the CBX mutants were expressed at comparable levels ( Fig. S5 A-E). Most CBX proteins formed BiFC complexes with all H3 variants with similar efficiencies (Fig. S5F) . Deletion of the chromodomains of CBX2, CBX4, and CBX8 reduced BiFC complex formation with H3.1 but had either no effect or increased their association with Ring1B ( Fig. 2 A, B , and E; ⌬Chr). In contrast, deletion of the chromodomains of CBX6 and CBX7 had little effect on BiFC complex formation with H3.1 but increased their association with Ring1B ( Fig. 2 C and   D) . More efficient complementation with Ring1B could be due to elimination of competing interactions by these deletions. The divergent effects of chromodomain deletions on BiFC complex formation with H3.1 by different CBX proteins suggest that the chromodomain did not have a conserved role in chromatin association by CBX proteins.
A single amino acid substitution in the chromodomains of all CBX proteins reduced BiFC complex formation with H3.1 and either reduced or had no effect on their association with Ring1B ( Fig. 2 I16F and I17F) . The general decrease in BiFC complex formation is consistent with the dominant effect of the corresponding mutation in Drosophila Pc on polycomb target gene expression (27) and suggests that this mutation affected interactions with many partners.
Chromobox deletions in CBX2, CBX4, CBX6, and CBX7 caused either no change or a small increase in BiFC complex formation with H3.1 ( Fig. 2; ⌬Box) . Deletion of the chromobox of CBX4 reduced BiFC complex formation with Ring1B, but the corresponding deletions in CBX2, CBX6, and CBX7 had no significant effect on this interaction. Deletion of the CBX8 chromobox reduced BiFC complex formation with both H3.1 and Ring1B, possibly reflecting its lower level of expression (Fig.  S5) . The chromobox was therefore not necessary for interactions with either H3.1 or Ring1B by the majority of CBX proteins.
To determine whether the chromodomain and chromobox had redundant roles, we examined the effects of deleting both regions. The combined deletion caused a small reduction in BiFC complex formation by CBX2 and CBX8 but had either no effect or increased BiFC complex formation by CBX4, CBX6, and CBX7 with either H3.1 or Ring1B ( Fig. 2; ⌬Chr ⌬Box) . Consequently, neither the chromodomain nor the chromobox was essential for chromatin association or Ring1B binding by CBX proteins in COS1 cells. CBX4 and CBX8 antibodies were not used because the endogenous proteins were not detected (Fig. S2) .
Determinants of Chromatin Association by CBX Proteins in ES Cells.
We quantified the effects of chromodomain and chromobox mutations in ES cells where the CBX fusions were expressed at levels comparable to those of endogenous CBX2, CBX6, and CBX7 (Fig. 2 Bottom). Almost all mutations had the same effects on BiFC complex formation with H3.2 in ES cells as with H3.1 in COS1 cells. The only cell-type-or H3-variant-specific effects were caused by chromobox deletions in CBX4 and CBX7 as well as deletion of the chromodomain or chromobox of CBX6. The dispensability of the chromodomain in chromatin association by CBX proteins raised the question of whether K27 trimethylation affected H3 binding by these proteins. We quantified BiFC complex formation in EED null ES cells that have no detectable H3 K27 trimethylation (6) . The intensities of BiFC signals in EED null ES cells were comparable to those observed in wild-type ES cells for both wild-type and mutant CBX proteins. The only difference was an increase in BiFC complex formation caused by combined chromodomain and chromobox deletions in CBX7.
Comparison of BiFC Complex Distributions with Anti-trimethyl-K27
Immunofluorescence. To examine whether BiFC complexes formed by CBX proteins were associated with regions of high H3 K27 trimethylation, we compared the distributions of CBX-H3.2 BiFC complexes with anti-trimethyl-K27 immunofluorescence. CBX2-H3.2 and CBX7-H3.2 but not CBX4-H3.2 BiFC complexes colocalized with a bright spot of anti-trimethyl-K27 immunoreactivity corresponding to the inactive X (Fig. S6) . Previously, CBX2, CBX6, CBX7, and CBX8 but not CBX4 fusions were shown to be localized to the inactive X (21). Thus, BiFC analysis reported faithfully on CBX protein recruitment to the inactive X. Apart from the inactive X and aggregates associated with overexpression, BiFC complexes did not colocalize with anti-trimethyl-K27 immunoreactivity. Thus, CBX protein binding on autosomes did not coincide with regions of high anti-trimethyl-K27 immunoreactivity in MEFs or ES cells. that expressed the CBX2 and CBX6 fusions under the control of a doxycycline-inducible promoter and the H3.2 fusion constitutively at Ͻ1% of the level of total cellular H3. The time course of BiFC complex formation and disappearance closely followed changes in the level of CBX2 fusion protein expression (Fig. S7) . The distributions of the CBX2-H3.2 and CBX6-H3.2 BiFC complexes in the stable cell lines were similar to those observed in transiently expressing cells and remained stable over several weeks of expression (compare Fig. 3 A and C with Fig. 1 A and C; Movie S1). Endogenous CBX2 was distributed in a granular pattern that was excluded from regions resembling nucleoli, whereas endogenous CBX6 was uniformly distributed in the nucleus (Fig. 3 B and D) .
Distributions of Stably Expressed CBX-H3.2 BiFC Complexes in
To determine whether BiFC complexes formed by different CBX proteins were associated with different chromosomal regions, we examined their distributions on metaphase spreads. Both CBX2-H3.2 and CBX6-H3.2 BiFC complexes formed discrete banding patterns that were symmetrically disposed on sister chromatids. CBX2-H3.2 BiFC complexes were enriched in distinct foci on the chromosomes, overlapping regions of bright Hoechst staining (Fig. 3E) . In contrast, CBX6-H3.2 BiFC complexes were distributed over a larger proportion of most chromosomes and were excluded from regions of bright Hoechst staining (Fig. 3F) . The reciprocal patterns of CBX2 and CBX6 BiFC complexes on metaphase chromosomes were concordant with their distinct distributions in interphase nuclei.
Histone Modifications Associated with CBX2-H3.2 BiFC Complexes.
To identify histone modifications associated with CBX proteins bound to chromatin, we developed a new method based on the isolation of BiFC stabilized complexes (iBiSC). BiFC complexes were immunopurified using anti-FLAG antibodies from the stable cell lines that produced CBX2-H3.2 complexes. As a negative control, chromatin from the parental cell line was processed in parallel. The immunopurified complexes and aliquots of input chromatin were analyzed by immunoblotting using antibodies recognizing GFP, H3, and specific H3 modifications (Fig. 4A) . The H3.2 fusion was coprecipitated by anti-FLAG antibodies from cells that expressed CBX2 fused to the complementary fragment but not from control cells that expressed the H3.2 fusion alone (Fig. 4A, lanes 3 and 5) . On the basis of the relative efficiencies of precipitation, we estimate that the BiFC complexes were purified by Ͼ100-fold (see SI Results). We determined the ratio of the H3.2 bands between the immunopurified fraction and input chromatin on each blot. The enrichment was calculated by dividing the ratio observed on blots probes with antibodies directed against specific modifications by the ratio observed on the blot probed with anti-GFP and anti-H3 antibodies (Fig. 4A, lanes 3 and 4) . The immunopurified H3.2 fusion was enriched in trimethyl-K27, acetyl-K9, and dimethyl-K4 compared with input chromatin (Fig. 4B) . As a control, we measured the enrichment of histone modifications in H3.2 fused to Venus immunopurified with anti-GFP antibodies (Fig. 4A,  lane 1) . The H3.2 fusion immunopurified with anti-GFP antibodies was slightly enriched in trimethyl-K27 but was not enriched in acetyl-K9 or dimethyl-K4 (Fig. 4B) . The same histone modifications were enriched in independent experiments, but the level of enrichment varied, possibly because of changes in H3.2 modifications caused by CBX fusion expression or BiFC complex formation (Fig. S8) . The K4A and K9A but not K27A substitutions in H3.1 reduced BiFC complex formation with CBX2 (Fig. S9) , suggesting that K4 and K9 but not K27 contributed to CBX2 recruitment to chromatin.
Discussion
PcG proteins in general and the CBX family in particular have expanded in number during vertebrate evolution. The strict conservation of the chromodomain and chromobox sequences raised the question of whether different CBX proteins bound to the same or overlapping targets in chromatin. Using imaging methods based on the BiFC assay, we found that different CBX proteins bound to distinct chromatin regions. Quantitative BiFC analysis demonstrated that chromatin association by different CBX proteins was mediated by nonconserved protein regions. The nearly mutually exclusive distributions of CBX2 and CBX6 BiFC complexes indicate that these proteins were associated with largely nonoverlapping sets of target genes.
The difference between the distributions of the total population of each CBX protein fused to YFP and the chromatin-associated subpopulation visualized by BiFC complex formation with H3.2 suggested that a large proportion of each CBX protein was not associated with H3.2. This interpretation is consistent with the observation that a large fraction of CBX proteins is highly mobile in undifferentiated ES cells and in Drosophila embryos (26, 28) . The CBX proteins that are not chromatin associated could be recruited to new target genes during differentiation.
The reflected interactions with target loci that had distinct subnuclear distributions independent of BiFC complex formation.
The role of H3 K27 trimethylation in PRC1 recruitment is widely assumed despite accumulating genetic data demonstrating PRC1 functions independent of PRC2 activity (3, 15, 16) . Our experiments demonstrated that neither the chromodomains nor H3 K27 trimethylation were required for chromatin association by CBX proteins in cells, and chromatin-associated CBX proteins did not colocalize with H3 K27 trimethylation outside the inactive X. The BiFC data do not exclude the possibility that K27 methylation stabilizes CBX protein association with chromatin. These results suggest that PRC1 recruitment in the absence of K27 trimethylation is not limited to special cases, such as the inactive X and the male pronucleus (3, 15, 16) .
The visualization of CBX-H3.2 BiFC complexes on metaphase chromosomes provides a unique genome-wide view of CBX protein binding. Metaphase chromosomes are more condensed than polytene chromosomes in Drosophila salivary glands, but they can be analyzed in any dividing cell type, and changes in complex distributions in response to stimuli and differentiation can be examined. Cytogenetic imaging of BiFC complexes provides high-content information that enables comparison of the genome-wide occupancy of chromatin binding proteins in single cells.
The identification of histone modifications that are associated with a particular regulatory protein complex in cells has been difficult. The iBiSC approach enabled detection of H3.2 modifications that were enriched in CBX2-H3.2 BiFC complexes. The roles of these modifications in CBX2 recruitment or functions are not clear, but ''bivalent domain'' H3 trimethyl-K4 and H3 trimethyl-K27 modifications correlate with PcG complex binding, and H3 acetyl-K9 modifications are altered in embryos lacking PRC1 components (13, 29) . Further studies of the temporal and causal relationships between these modifications and CBX2 binding are important.
The unique patterns of chromatin association by different CBX proteins both in interphase nuclei and on metaphase chromosomes suggest that these proteins bind to nonredundant sets of target genes. Although the biologic functions of several CBX proteins have been studied in different experimental systems, no comparative studies of their functions have been performed in the same cell type. Our results provide new motivation for investigation of the mechanisms of selective CBX protein recruitment.
Materials and Methods
Plasmids, Cell Lines, and Imaging. The construction of plasmids encoding CBX, H3, and Ring1B fusions, the cell lines, transfection protocols, fluorescence microscopy, flow cytometry, and immunologic methods are described in detail in SI Materials and Methods and Tables S2 and S3. iBiSC and Determination of the Enrichment of Histone Modifications. iBiSC was performed under the same conditions as ChIP analysis but without crosslinking (13) . The immunoprecipitated and input chromatin were analyzed by Western blotting using antibodies recognizing specific modifications (␣Mod) and total H3.2 (␣Total). The enrichment of histone modifications was calculated using Eq. 1. 
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